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MINIMIZING BOUNDARY LAYER BLEED FOR A
MIXED COMPRESSION INLET
by Joseph F. Wasserbauer, Robert J. Shaw, and Harvey E. Neumann

Lewis Research Center

ABSTRACT

An experimental investigation of a full scale mixed compression inlet
sized for the TF30-P-3 turbofan engine was conducted at Mach 2.5 and
2.0 operating conditions. The two cone axisymmetric inlet had minimum
internal contraction consistent with high total pressure recovery and
low cowl drag. At Mach 2.5, inlet recovery exceeded 0. 90 with only 0. 02
centerbody bleed mass-flow ratio and zero cowl bleed. A centerbody
bleed of approximately 0.05 gave a maximum inlet unstart angle-of-attack
of 6.85°. Inlet performance and angle-of-attack tolerance is presented
for operation at Mach 2.5 and 2.0.

INTRODUCTION

Supersonic inlets should be able to operate efficiently with low drag over
the entire flight range of the aircraft. For flight speeds above Mach 2.0,
mixed~compression inlets offer this capability. However, some means
of varying the inlet's contraction ratio must be provided to supply engine
airflow demands at flight speeds below Mach 2.0.

Two-dimensional inlets provide variation of contraction ratio by rel-
atively simple movable ramp surfaces. The problem is more difficult
with axisymmetric designs. Single cone axisymmetric inlets have been
designed which vary the contraction ratio by either collapsing or translating
the centerbody, or by collapsing the cowl and translating the centerbody,
references 1 and 2. In general, these single cone axisymmetric inlets
have high internal contraction which result in a fairly long supersonic
diffuser. Consequently a relatively high boundary layer bleed flow rate
is necessary to provide the desired inlet performance at design flight speeds.



An inlet designed with less internal contraction would perform with less
bleed drag. Although a possible increase in cowl pressure drag may
nullify this improvement in bleed drag, other desirable characteristics
(such as improved angle-of -attack tolerance) may be established for cer-
tain mission applications.

In reference 3, an inlet, with less internal contraction and shortened
supersonic diffuser, showed reductions in performance bleed while main-
taining relatively high pressure recovery. In addition, significant increases
in angle-of-attack tolerance were also demonstrated. The inlet of refer-
ence 3 and the inlet presented here-in used similar design philosophies.
This inlet design used a two-cone spike to provide the maximum external
compression compatible with high total-pressure recovery with relatively
low cowl drag. The overall length from the cowl lip to inlet throat was
kept short to minimize bleed flow requirements. Boundary layer calcula-
tions indicated a small displacement thickness at the throat. Vortex
generators were used in the subsonic diffuser to reenergize the boundary
layer. For a flight inlet, the second-cone would be collapsed to vary
contraction ratio and at its lowest position would blend into the first-cone
contours so as to provide a single cone centerbody. The design provided
47.5 percent of the supersonic area contraction internally for a design
Mach number of 2. 5.

The objectives of this study were, (1) the development of an axisym -
metric mixed-compression inlet based on the aforementioned philosophy,
and (2) to demonstrate that the performance bleed could be reduced from
previous experimental minimum values by reducing supersonic diffuser
length while maintaining good inlet performance. Various cowl and
centerbody bleed configurations were investigated to determine the
minimum bleed and its effect on performance. The performance of the
final inlet configuration with the minimum bleed is presented in this paper.

The inlet, coupled to a cold pipe-choked plug assembly, was tested
at Mach numbers of 2.5 and 2.0. Inlet flow surveys were made at the
inlet throat and throat exit station, midway in the subsonic diffuser, and
at the diffuser exit to evaluate local flow conditions. In addition to the
flow surveys, measurements were made of the centerbody bleed flow rates,




total-pressure recovery, and engine face distortion. The maximum angle-
of-attack before an inlet unstart was determined for peak, critical, and
supercritical inlet operation. The effect of an overload bypass system
was also evaluated.

APPARATUS AND PROCEDURE

The inlet of this investigation was designed for operation at a free-
stream Mach number of 2.5. It is a full scale design, sized to match the
air flow requirements of the TF30-P-3 turbofan engine. An isometric
view of the inlet and its installation in the 10- by 10- foot supersonic wind
tunnel is shown in figure 1.

The internal contous of the supersonic diffuser were determined with
the method of characteristics flow solution described in reference 4.
Details of the inlet are presented in the cross section view in figure 2.

At the design Mach number of 2.5 the centerbody cone angles are 12. 5 for
the initial cone angle and 18. 52 for the second-cone angle, figure 2(a).

To minimize costs of this particular inlet model, the spike did not col-
lapse but rather was translated to vary the internal contraction ratio
during testing. Hence, a second centerbody was designed as a collapsed
version for Mach 2.0 operation. Its initial cone angle was 12. 5% and the
second-cone angle was 14. 5%, The inlet cowl lip was sharp and the initial
internal cowl angle was 2°. The external cowl angle was kept at 5° to
minimize cowl drag.

The inlet design was such that the isentropic compression fan from
the cowl and the cowl-lip oblique shock were nearly focused on the center-
body, figure 2(b). The cowl-lip shock and cowl compression fan were
cancelled at the centerbody with a sharp turn and short length of contoured
surface before the throat as prescirbed by the inlet design computer
program. A centerbody bleed slot replaced the short length of contoured
surface over this compression region for boundary layer control ahead
of the inlet throat.

In reference 3, the cowl shock and cowl compression fan were focused
at one point on the centerbody. An abrupt turn on the centerbody was



used to cancel reflected shocks. A flush slot bleed was positioned ahead
of this focal point at the end of the second cone contour. The local flow
expansions from the slot and the large static pressure rise on the center-
body, caused by the focused shock-compression fan system, gave less than
desired control of the boundary layer at this point. By positioning the bleed
slot behind the cowl shock impingement point, advantage could be taken of
the higher surface static pressures to provide better bleed pumping char-
acteristics and higher bleed pressure recoveries in the centerbody cavity.
Because of the better bleed pumping characteristics, local boundary layer
separations in this region could be minimized. For this inlet design, the
slot spans the length of compression fan impingement region, 0.053 cowl-
lip diameters. A blunt leading edge and the flush slot arrangement proved
to be the most efficient slot geometry during a centerbody bleed evaluation
study.

The slot bleed permits a relatively simple geometry to be retained
during collapse of the centerbody. The relatively high pressure on the
18.5° second cone tends to relieve recirculation problems due to possible
leakage on the collapsable surface. The focused compression reduces
significantly the supersonic diffuser length from cowl lip to inlet throat,
(0. 38 cowl-lip diameter), and thus reduces the amount of cowl bleed, if
any, that may be required at the inlet throat. Regions of cowl bleed
were provided at the inlet throat. The cowl bleed evaluation study showed
that the increased performance did not offset the increased cowl bleed
drag for all configurations tested. Therefore, these bleed regions were
sealed for the data presented here-in.

The centerbody bleed flow was ducted to four equally spaced support
struts located over half of the subsonic diffuser length. The centerbody
bleed flow is controlled by a butterfly valve in each strut. The centerbody
duct and strut system was designed to pass approximately 6 percent of
the capture mass flow ratio. The theoretical pressure recovery in the
inlet throat ahead of the terminal shock-wave system was 98 percent with
a throat Mach number of about 1. 3.

A one dimensional analysis was used to design the subsonic diffuser.
A diffuser length of 1.5 inlet diameters was selected. The diffusion area




ratio was matched to the compressor face Mach number required for the
TF30-P-3 turbofan engine at Mach 2.5 operation. This resulted in an
equivalent conical diffusion angle of 10° for the subsonic diffuser.
Vortex generators were used on the cowl and centerbody to inhibit flow
separation.

The internal flow area distributions for the Mach 2.5 and 2.0
centerbodies are shown in figure 3. An attempt was made to base the
distributions of the subsonic diffusers on a linear pressure variation.

But the geometry of the inlet struts modified the area distribution such
that the linear pressure variation of the diffuser was compromised. The
effect is more pronounced for the Mach 2. 0 centerbody design.

The inlet was also equipped with eight overboard bypass doors de-
signed for high frequency control studies, reference 5. The doors were
slotted plates which were hydfaulically actiated. A detailed description
of the bypass doors is presented in reference 6. The diffuser bypass
flow passed through the choked slotted plate to a plenum and then through
a louvered panel to the free stream.

The inlet was tested with and without an operating inlet bypass system.
When bypass doors were not used, insert blanks replaced the bypass door
assemblies so that smooth surfaces were maintained on the cowl from the
cowl lip to the diffuser exit.

The inlet flow was surveyed at the throat, throat exit, midway in the
subsonic diffuser, and at the diffuser exit. The diffuser exit plane was
surveyed by 12 total pressure rakes of 6 area weighted tubes per rake.
Three rakes at O°, 900, and 180° had additional tubes at the hub and tip
to survey the boundary layer. Three dynamic total pressure probes were
used to sample RMS values of pressure at the diffuser exit. Their loca-
tions are shown in the sketch in figure 2(a).

RESULTS AND DISCUSSION

The inlet performance for Mach 2.5 and 2.0 operation without an
operating bypass system is shown in figure 4. The variation of pressure
recovery with inlet bleed mass flow ratio, steady-state distortion, and



dynamic distortion is presented. The steady state distortion is defined

as the maximum minus the minimum total pressure divided by the average
total pressure. An average RMS value of the fluctuating component of the
total pressure was obtained for three dynamic probes. Dynamic distor-
tion is defined as this average divided by the average total pressure. The
variation of bleed flow over the inlet operating range is emphasized by

the presentation of the inlet bleed mass flow ratio. The inlet of this inves-
tigation was designed to spill 0.5% of the inlet capture mass flow at

Mach 2.5 operation. The engine mass flow ratio is then.the inlet capture
mass flow ratio, 0.995, minus the inlet bleed flow.

At the design free stream Mach number of 2.5, peak pressure recovery
was 0.905 at a bleed mass flow ratio of only 0.021. The centerbody bleed
exit area was maintained constant for all data with open symbols in
figure 4. For critical and supercritical operation, the bleed mass flow
ratio was 0.019. Critical operation is defined herein as the terminal
shock positioned at the inlet geometric throat and supercritical operation
as the terminal shock downstream of the inlet throat. In this report,
results pertain only to started inlet operation. Hence, subcritical
operating points refer to a terminal shock position just upstream of the
geometric throat in the region of the bleed slot.

The potential stable subcritical operating range of the inlet is indi-
cated by the solid symbols in figure 4. The inlet bleed mass flow ratio
was varied by changing the bleed exit area via the strut butterfly valves.
With the maximum bleed exit area available, 5% of the inlet capture mass
flow ratio was removed before the inlet unstarted. The peak inlet pressure
recovery during this subcritical operation was 0.915.

Steady state distortion varied from about 8% to 11% when the inlet
was operated from critical to supercritical operation. For subcritical
operation, steady state distortion varied from 6 to 8%. Dynamic distor-
tion remained about 2 percent over the range of inlet operation. However,
it must be noted that the dynamic activity was measured at only three total
pressure probe locations at the diffuser exit plane, (see figure 2(a)).

The dynamic activity over the remainder of the diffuser exit plane was
to be measured in a subsequent test. In general, the level of dynamic




activity appears to be acceptable for operation at the Mach 2.5 condition.

Inlet performance for the collapsed version of the centerbody at
Mach 2.0 is shown in figure 4(b). Peak inlet performance for the fixed
bleed exit area was 0.940 with only 0.014 bleed mass flow ratio. Inlet
capture mass flow ratio at Mach 2.0 was 0.918 and the remainder was
spilled around the cowl through the spike shock systems. Variation of the
bleed exit area increased the bleed mass flow ratio to 0.045 and provides
a measure of inlet stability at this Mach number. Steady state distor-
tion varied from 8% to 12%, a slight increase, while dynamic distortion
dropped to about 1.0 percent over the range of inlet operation at Mach 2. 0.

Distributions of local recovery profiles are shown in figure 5 for
Mach 2.5 critical operation and in figure 6 for Mach 2.0 critical operation.
These profiles are presented for the throat, throat exit, mid diffuser, and
diffuser exit locations. The individual tube pressures at the throat
station are uncorrected and represent the measured pressure behind a
normal shock.

At the Mach 2.5 operation, the cowl surface Mach number diffuses
from 1.8 to 1. 3. Figure 5 shows the normal shock recoveries near the -
cowl at the throat station correspond to the predicted value of 0. 96.
Because of the short cowl length from the lip to throat, the boundary layer
growth appears to be moderate at the throat. The incompressible shape
factor of the measured cowl boundary layer was about 1.45. This indi-
cates that the flow in the boundary layer was not near separation,

(a shape factor of about 1.8 would indicate boundary layer separation
problems). Further, the measured displacement thickness was in good
agreement with analytical predictions. Therefore, it confirms the
design philosophy that by shortening the supersonic diffuser, minimi-
zation of the cowl bleed can result.

The centerbody throat rake was positioned slightly ahead of the inlet
throat. The centerbody bleed slot was located just ahead of this rake,
(see figure 2(a)). The lower measured local pressure recoveries at this
rake station could be a result of local flow expansion due to the bleed slot.

Comparison of the throat exit and mid-diffuser profiles near the
centerbody indicate that the vortex generators energized the flow. At the



diffuser exit, low distortion profiles were measured. It appears that the
vortex generators minimized any potential flow problems that might have
occurred.

At Mach 2.0 operation, (see figure 6), the throat and throat exit pro-
files appear well behaved. The flow profiles at the mid-~diffuser and
compressor face show higher flow distortions than those measured for
Mach 2.5 operation. This is attributed to the adverse area variation
through the strut region as was indicated in figure 3.

At Mach 2.5 operation, the 4 percent loss in total pressure in the
supersonic diffuser matched the theoretical predictions. The overall
loss in pressure recovery was 10 percent. Of this loss 6 percent occurred
in the subsonic diffuser. At Mach 2.0 operation, the overall loss in
pressure recovery was only 6 percent. Potential improvements in the
subsonic diffuser to minimize pressure recovery loss and distortion
are possible by redesign of the inlet struts and recontouring the sub-
sonic diffuser.

Overall inlet performance at Mach 2.5 with an operating bypass system
is shown in figure 7. With a constant centerbody bleed mass flow ratio
of 0.02, the peak pressure recovery was 0.894. This is about 0.01 less
than the pressure recovery for inlet operation without bypass flow. For
the maximum centerbody bleed, the peak pressure recovery increases to
0.911. Near critical inlet operation, the data indicate a steady state
distortion 2 percent higher than that measured without the bypass system.
Dynamic distortion, on the other hand, remained about the same.

Comparison of the total pressure rake profiles at critical inlet
operation for bypass and no bypass flow is shown in figure 8. Only one
quadrant is shown, but was representative of the other quadrants be-
cause of symmetry. A comparison shows that the center rake profile
(rake 1) was essentially the same for either inlet operation. However,
the two side rakes, rake 12 andrake 2, in figure 8(a), show tendancies
to separate on the cowl when the bypass was operating. The result was a
reduction in pressure recovery and increase in steady state distortion
when the inlet bypass system was operating.




Rakes, such as rake 12 and rake 2, measure the flow over the bypass
door entrance slots. The entrance slots cover about the last one third
of the diffuser length and are in the rapid diffuser area variation region.
The depletion of the duct mass flow through the bypass doors has the
effect of increasing the slope of the diffuser area variation and causing
a more adverse pressure gradient on the cowl. This would tend to
separate the flow, at least locally, as indicated by the comparison.

A comparison of diffuser exit contour maps for bypass and no bypass
flow at critical inlet operation is presented in figure 9. The contour maps
are a result of a computer program which uses the total pressure inputs
at the diffuser exit but does not include the effect of the inlet support
struts. The solid lines on the contour plots show the position of the struts.
The numerical values indicated in figure 9 represent the average recov-
ery for each of the shaded regions. These plots show that there is little
circumferential distortion content and that most of the distortion is
radial for both cases. However, with the overboard bypass operating,
figure 9(a) shows a lower pressure recovery region in the vicinity of the
struts. This is a result of the reduction in pressure recovery mear the
cowl in the vicinity of the bypass doors as previously shown in figure 8(a).

Inlet performance over an angle-of-attack range is shown in figure 10.
The overboard bypass system was operating for these data. The angle-of-
attack operation is presented for both minimum and maximum center-
body bleed exit areas. At a constant centerbody bleed, mass flow ratio
of 0.021, the maximum angle-of-attack was 2. 55°. For critical inlet
operation, that is with the terminal shock in the throat, the angle-of-
attack before an inlet unstart was 1.74°. This was increased to 4.17°
by increasing centerbody bleed which relieves overcompression in the
throat region due to angle-of-attack operation. The maximum unstart
angle-of-attack that was attained during supercritical operation was 6. 85°.
To obtain this angle, the full capacity of the centerbody bleed system was
employed.

Steady state distortion at an angle-of-attack of 4. 17° was 0. 196 and
at an angle-of-attack of 6. 85% was 0. 305. Although the inlet demonstrated
a relatively large angle-of-attack range when using the increased center-
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body bleed, distortion may be a limiting factor. Consideration of the
useful angle-of-attack range of any inlet must include the distortion sen-
sitivity of the particular engine to which it is coupled.

Tolerance of turbofan and turbojet engines to inlet generated total
pressure distortion depends on the spatial distribution of the distortion.
Circumferential distortions are usually more difficult for an engine to
accept then radial distortions. Both the amplitude and extent of a cir-
cumferential distortion are of importance. Recent tests, reference 7,
have indicated that the TF30 engine is sensitive to angular extents of
180°. This type of distortion is generally obtained in axisymmetric inlets
at angle-of-attack.

Figure 11 shows the compressor face contours maps for the various
angle-of-attack data presented in figure 10. For low angles~of-attack,
up to about 20, the distortion appears to be more radial than circum-
ferential. The circumferential distortion increases as the angle-of-
attack is increased beyond 2°. Because of the increasing circumferen-
tial distortion and depending on the type of engine employed, it appears
then, that the limiting angle-of-attack lies between 2° and 6. 85°. However,
unpublished results from a subsequent test using this inlet with the
TF30-P-3 engine indicate that the complete range of angle-of-attack is
potentially useful.

The stability performance and bleed characteristics of the center-
body bleed system are presented in figure 12. The various symbols
represent given constant bleed exit areas. The dashed curves were
generated by reducing the compressor face airflow from the critical
value, causing the terminal shock to move forward of the inlet throat into
the bleed slot until unstart occurred. At a given bleed exit area, the bleed
mass flow ratio is constant for supercritical operation.

The stability characteristics of the bleed system would be used only
when some inlet flow disturbance would cause the terminal shock to
move forward of the throat and unstart the inlet. Some control scheme
would be needed which employs the full capacity of the bleed system.

For simplicity, an active control appears to be a feasible design.
This control would provide full bleed exit area and maximum bleed mass
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flow ratio upon command from some control parameter, such as step
changes in throat Mach number.

The inlet tested here demonstrated some inlet stability margin by
use of only a centerbody bleed system. In reference 8, a cowl stability
bleed system was demonstrated that would not be activated unless the
terminal shock moved forward of the inlet throat. Use of this cowl
stability system coupled with the inlet centerbody bleed system should
provide adequate inlet stability for most inlet disturbances while main-
taining the inlet minimum bleed characteristics during normal operation.

CONCLUDING REMARKS

A design concept for high performing supersonic mixed compression
inlets is examined that would provide maximum external compression
and maintain good performance. This permitsshort supersonic diffusers
with short cowl lengths that generate a thin boundary layer and eliminate
the need for cowl bleed. Based on this design concept an experimental
investigation was conducted to evaluate the performance of a full scale
axisymmetric mixed compression inlet. The inlet was designed to pro-
vide airflow for a TF30-P-3 engine at Mach number of 2.5. A slot
bleed was used on the centerbody and provides a simple geometry for
a collapsing centerbody. The 18. 50 second-cone provides relatively high
pressure on the cone surface to minimize recirculation. The following
results were obtained:

1. At Mach 2.5 for inlet operation without bypass, the inlét pressure
recovery exceeded 0. 90 with only 0.02 centerbody bleed mass flow ratio
and zero cowl bleed. Hence, it compares favorably with similar high
performance inlets which have lower cowl drag but greater bleed drag.
Variation of the centerbody bleed exit area provides additional stability
range for subcritical operation. At Mach 2.0 the inlet total pressure
recovery was 0.94 with only 0. 015 centerbody bleed mass flow ratio.

2. At Mach 2.5 operation and with the minimum centerbody bleed
mass flow ratio of 0.02, the maximum inlet unstart angle-of-attack
operation for the inlet was 2. 559, Increasing the centerbody bleed mass
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flow ratio to approximately 0.05 gave maximum inlet unstart angle-of-
attack of 6. 85°

3- Inlet steady state distortions varied from 6 percent to 11 percent
for Mach 2.5 and from 8 percent to about 12 percent for Mach 2.0 opera-
tion for inlet operation without bypass.

4. Diffuser toal pressure profiles on the cowl at the inlet throat
and throat exit stations show acceptable boundary layer profiles at the
various operating conditions without the benefit of cowl bleed. The 4
percent loss in total pressure in the supersonic diffuser matched the
theoretical predictions.

5. The overall loss in total pressure recovery was 10 percent.
Of this loss, 6 percent occurred in the subsonic diffuser. Inlet operation
with an operating bypass system also reduced the total pressure recov-
ery slightly and increased the steady state distortion. Potential improve-
ments in the subsonic diffuser to minimize pressure recovery loss and
distortion are possible by redesign of the inlet struts and bypass system
and recontouring the subsonic diffuser.
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Figure 1. - Mach 2.5 Inlet.
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